Assessing personal exposure to air pollution has long proven challenging due to technological limitations posed by the samplers themselves. Historically, wearable aerosol monitors have proven to be expensive, noisy, and burdensome. The objective of this work was to develop a new type of wearable monitor, an ultrasonic personal aerosol 
Characterizing lognormal exposure distributions (for exposure assessment or exposure modeling) requires studies with relatively large sample sizes; however, most studies that employ personal sampling are limited to modest sample sizes because of limitations in the technologies used to assess personal exposure.
A major constraint on our ability to assess personal air pollution exposure is the cost and physical burden of the monitors themselves.
For monitoring exposure to PM, personal air samplers typically consist of a battery-powered diaphragm pump connected by tubing to a size-selective inlet (e.g. a cyclone or impactor) to measure inhalable, respirable, or PM 2.5 size fractions of PM within the wearer's breathing zone. Such personal air samplers are expensive (typically costing >$1500 each), relatively heavy (>0.5 kg in total), and noisy (emitting >60 dB from the pump). The physical burden posed by these monitors (noise, visual esthetic, and weight) makes them difficult to wear for extended periods. Further, the diaphragm pumps must be periodically checked for flow accuracy, and the tubing connections often disconnect or become pinched if the wearer is physically active. For these reasons, studies of personal PM exposure often suffer from small sample size and data loss due to poor user compliance and instrument reliability.
Historically, the development of PM exposure monitors was driven by the need to assess occupational intake for aerosol hazards in the dusty trades such as mining, construction, manufacturing, and agriculture. 8, 9 In those workplaces, the weight and noise of the monitors were less of a hindrance. For personal monitoring among the general population (or outside of heavy industry), however, a need exists for technology that overcomes these limitations. The objective of this work was to develop a wearable air pollution monitor to address limitations of the current state of the art (cost, noise, weight) without sacrificing precision, accuracy, and reliability. We leveraged recent advances in
consumer electronics, open-source software platforms, and additive manufacturing to iterate upon several versions of a prototype wearable PM sampler. The resultant device, an ultrasonic personal aerosol sampler (UPAS), is compact, lightweight, and virtually silent when run-
ning. The UPAS was tested for pump and battery performance, flow accuracy, and size-selective sampling efficiency. Device performance was also evaluated against an EPA-certified reference method for PM 2.5 sampling through laboratory tests (and also compared to an offthe-shelf commercial sampling device).
| METHODS

| Sampler design
The UPAS is a time-integrated filter sampler that utilizes an ultrasonic piezoelectric pump to drive flow (as opposed to a traditional diaphragm pump). This pump operates by converting electric charge into reversible mechanical expansion of a ceramic crystal at high frequency (~25 kHz). Air is expelled from a miniature chamber below the crystal and through a diffuser nozzle, which functions as a passively dynamic valve, preventing virtually all backflow. [10] [11] [12] Without a traditional check valve, piezo-pumps are not as susceptible to damage from dirty/multiphase flow; further, without any sliding interfaces, piezo-pumps operate at high efficiency and with low noise. An image of the piezo-pump used here is shown at the inset of Fig. 1b . This pump provides key advantages over diaphragm pumps in terms of size, weight, cost, and noise.
Prototyping for the UPAS was carried out using commercially available, "plug and play" electronics that were integrated into a functional circuit based upon an open-sourced, Arduino ® development board. A proof-of-concept design, in which a pump and flow sensor were connected to a simple filter housing using Arduino and breadboard electronics, is shown in Fig. 1a . Following the proof of concept, functional housing designs were created using computer-aided design software (SolidWorks ® ANSYS, Inc., Canonsburg, PA, USA) and then rapidprototyped using stereolithographic printing (Fig. 1b) . The use of original equipment manufacturer electronics and rapid-prototype materials enabled a rapid series of iterative design/evaluation steps, which ultimately resulted in the construction of a serial prototype (Fig. 1c) .
The serial prototype featured a custom-printed circuit board with an integrated microcontroller (mbed™; ARM ® Ltd., Cambridge, UK) and 16 showed that the performance of a sharp cut cyclone conforms well to the PM 2.5 standard specified in the U.S. Code of Federal Regulations. 17, 18 Cyclones designed this way were rapid-prototyped and tested to determine their efficiency as a function of aerodynamic particle size; from these curves, revised values for constants a and b were determined. With these new constants, the diameter for each of the two cyclones was revised, and new cyclones were fabricated and tested.
This process was repeated until the measured and intended performance of each cyclone adequately matched the PM 2.5 standard, using the method described below to evaluate the quality of the match.
| Cyclone performance
Cyclone performance was evaluated in a 0. For each test, the cyclone and the bypass were alternately connected to the APS inlet and data recorded for 1 minute until seven such measurements had been made at each flow rate. From the ratio of concentrations measured for each particle size with the cyclone and with the bypass, a series of efficiency measurements was developed for particles of each APS size. When the cyclone was attached to the APS, flow was slightly less due to its pressure drop so that slightly fewer particles were counted for particles of all sizes. This issue was addressed by normalizing cyclone counts for all particle sizes using the ratio of concentration with the bypass to concentration with the cyclone for particles <1 μm in diameter, as these particles were too small for either cyclone to collect.
Fractional efficiency for a cyclone, η(d), can be expressed using an equation of the form where d is aerodynamic particle diameter and β is a slope parameter.
Best-fit values of d 50 and β for each test were determined using the "Solver" function in Excel by minimizing the sum of squares for the difference between measured efficiency and the efficiency given by Equation (2) . Log-log plots of d 50 and β against flow were then prepared for each of the four replicate tests for each cyclone, and second-order curves fit to the data. Curves from these replicate tests 
| UPAS evaluation
Tests of the serial prototype performance ( (
The UPAS was also evaluated relative to two commercial tech- Measured aerosol concentrations were established for each sampling device using gravimetric analysis. A Mettler Toledo XS3DU microbalance accurate to ±1 μg was used to weigh filters. Filters were placed in an equilibration chamber for at least 12 hours before pre-and post-weighing and then discharged on a polonium-210 strip for at least 15 seconds before each weight was taken. Multiple readings were averaged for each filter weight, and blanks were carried for all tests.
Data analyses were conducted using Excel (Microsoft Corp., Redmond, WA, USA) and Matlab (The MathWorks, Inc., Natick, MA, USA).
| RESULTS
Selected sensors and components for the final UPAS design (Fig. 1c) are provided in Table 1 Table 2 .
At a distance of 20 cm (the approximate length from the ear to a hypothetical sampler mounted on a lapel within the breathing zone), the UPAS produced 40 dB of A-weighted noise. For comparison purposes, the PEM and XR5000 pump combination emitted 60 dB under similar conditions.
The dimensions of the final 1.0 and 2.0 L/min cyclone designs are provided in Table 3 T A B L E 3 Dimensions in mm and performance constants for ultrasonic personal aerosol sampler cyclones 
| DISCUSSION
The state of the art for personal exposure assessment has long relied upon expensive and burdensome equipment; this paradigm has limited our ability to determine individual risk at scales relevant to a diverse population (especially for epidemiology). The UPAS represents an attempt to address this limitation with a wearable air sampler that is low cost, lightweight, and low burden (silent, no-tubing, A point of emphasis for this design was to enable data collection that is comparable to established metrics (i.e. PM 2.5 mass concentration) and health-based exposure guidelines. 20, 21 For this reason, the UPAS was designed to estimate personal exposure to PM 2.5 mass across a 24-hour timescale. To achieve this goal, the development path for the UPAS relied heavily upon the recent emergence of low-cost, do-it-yourself electronics (i.e. Arduino) and additive manufacturing (i.e. Across the range of concentrations tested, the UPAS gave PM 2.5 mass concentrations that were in close agreement with the EPA FRM sampler. To note, the agreement at the lowest concentration tested was achieved using pure Teflon filters because at this low concentration (~25 μg/m 3 ), the adsorption of semivolatile aerosols in the background air can bias a PM sample collected on a fibrous filter (such as the Pallflex T60A20) by as much as 100%. 22, 23 When sampling at higher concentrations, such as those encountered indoors for homes burning biomass, this adsorption bias would be negligible with a larger amount of PM mass accumulated onto the filter substrate. The close The UPAS contains a suite of environmental sensors to improve the utility of the data collected. The light sensor is used primarily for detecting the presence of a UV signal, which is indicative of the sampler being outdoors. 24 The accelerometer is used to gauge participant activity level, which, in addition to confirming user compliance (i.e.
that the sampler is physically worn), can also be used to infer daily behavioral patterns. 25 As a mass-based, time-integrated monitor, the UPAS is geared primarily toward assessing one's cumulative risk from PM exposure. We chose not to include a real-time PM sensor on the UPAS for several reasons. Although several low-cost nephelometers exist on the market, 26,27 these devices suffer from drift and precision issues, in addition to the myriad problems associated with accurate PM measurement by light scattering. These problems include the important loss of signal at submicron particle sizes, 19 humidity effects, Because the UPAS battery size/weight scales nearly directly with flow (for a predetermined sample duration), these reductions would reduce the weight burden to the wearer. Future reductions in size and weight should also reduce manufacturing costs.
| CONCLUSIONS
The UPAS shows promise for increasing our ability to assess personal PM exposures by reducing the size, weight, and cost of the sampler.
As a result, sampling can be conducted at scales that are more relevant to epidemiologic and community-based research. Development of the UPAS was largely made possible by the recent revolution in "original equipment manufacturer" electronics and open-source software. Looking forward, these industry trends should continue, and thereby aid the development of low-cost sensors that produce public health gains through applied research, advocacy, and awareness.
